We analyzed volume change and mass balance of outlet glaciers of the northern Antarctic Peninsula over the period 2011 to 2013, using topographic data of high vertical accuracy and great spatial detail, acquired by bistatic radar interferometry of the TanDEM-X/TerraSAR-X satellite formation. The study area includes glaciers draining into the Larsen-A, Larsen Inlet, and Prince-Gustav-Channel embayments. After collapse of buttressing ice shelves in 1995 the glaciers became tidewater calving glaciers and accelerated, resulting in increased ice export. 
Introduction
Disintegration events of the northern sections of Larsen Ice Shelf (LIS) on the Antarctic Peninsula (API) in 1995 and 2002 triggered near-immediate acceleration of the outlet glaciers previously feeding the ice shelves, resulting in major mass losses due to increased ice discharge (Rott et al., 2002; Scambos et al., 2004; Scambos et al, 2011) . Sasgen et al., (2013) report a mass balance of -26 ±3 Gt a -1 for the northern API for January 2003 to September 2012, derived from measurements of the Gravity Recovery and Climate Experiment (GRACE). Shepherd et al., (2012) present mass balance estimates for the Antarctic Peninsula
Ice Sheet based on satellite altimetry, gravimetry, and the Input/Output Method. They report a reconciled mass balance estimate for API of -36 ±10 Gt a -1 for the period 2005 to 2010.
Precise data on volume changes and their temporal trends are essential for assessing the response of the glaciers to changing boundary conditions, identifying processes controlling ice flux, and estimating their current and future contributions to sea level rise (Barrand et al., 2013) . We are interested in spatially detailed observations of volume change and mass balance of glaciers north of the Seal Nunataks where Larsen-A Ice Shelf disintegrated in January 1995 (Rott et al., 1996) (Figure 1 ). In contrast to Larsen-B Ice Shelf and is tributary glaciers, little attention has been paid to this area, in spite of the fact that the ice shelf disintegrated already seven years earlier.
A detailed analysis of volume change and mass balance of glaciers on the northern Antarctic Peninsula has been performed by Scambos et al. (2014) using a combination of digital elevation model (DEM) differencing and repeat-track laser altimetry from the Ice, Cloud, and
Land Elevation Satellite (ICESat). The DEMs difference pairs, based on stereo images of optical satellite sensors, span 2001-2006, 2003-2008, and 2004-2010 We are focusing at API outlet glaciers along the Nordenskjöld Coast which extends along the east coast of the API between Cape Longing ( Figure 1 ) and Cape Fairweather, located about 40 km south of the Drygalski Glacier front. In addition, our analysis includes Sjögren-Boydell glaciers, the main API outlet glaciers to Prince-Gustav-Channel (PGC). Surface elevation change is mapped over a time span of about two years, extending from southern winter 2011 to winter 2013. We use topographic data acquired by a new technique, bistatic radar interferometry of the TanDEM-X/TerraSAR-X satellite formation (Krieger et al., 2013) .
Data Base and Methods
We apply DEM differencing for retrieving changes in glacier volume and estimating glacier mass balance (Cogley, 2009 ), using precise, spatially detailed data of surface topography measured by the TanDEM-X (TerraSAR-X add-on for Digital Elevation Measurements) mission. For converting volume change into mass change we use an average density of 900 kg m -3 (Auxiliary Material, Section 2.2).
TanDEM-X employs a bi-static interferometric configuration of the two satellites TerraSAR-X (TSX) and TanDEM-X (TDX) flying in close formation (Krieger et al., 2013) . The satellites form together a single-pass synthetic aperture radar (SAR) interferometer, enabling the acquisition of highly accurate cross-track interferograms that are not affected by temporal decorrelation and variations in atmospheric delay. The primary objective of the mission is the generation of a global high resolution DEM (Krieger et al., 2103; Rizzoli et al., 2012) .
Our analysis of elevation change is based on DEMs derived from TSX-TDX interferograms acquired in 2011 and 2013, separated by a time span of about two years. We generated DEMs with 6 m x 6 m grid size from SAR data with a spatial resolution of about 3 m along track and 1.2 m in radar line-of sight (Rossi et al., 2012) . The study area is covered by four separate DEMs, each extending over an area of about 30 km x 50 km (Auxiliary Material   Table S1 , and Figures S1 and S2). A critical issue for producing DEMs by means of across-track SAR interferometry is the 2 phase ambiguity arising from the periodicity of the phase difference between the two SAR images (Rosen et al., 2000) . A phase shift of 2 corresponds to a discrete height difference ©2014 American Geophysical Union. All rights reserved.
For supporting the discussion on temporal changes of glacier behaviour we mapped glacier velocities (Auxiliary Material, Figure S3 ). We retrieved flow fields for November 1995 and 1999 from one-day repeat pass interferometric SAR data of the satellites ERS-1 and ERS-2.
For several periods between 2008 and 2013 we derived velocity maps from 11-day repeat pass data of the TSX and TDX missions, applying offset tracking. Specifications for the satellite data, the techniques applied, and the analysis of uncertainty are explained by Rott et al. (2011) . The error analysis yields an uncertainty in velocity of ±5%.
Spatially Detailed Pattern of Elevation Change
The map of surface elevation change is shown in Figure 1 . We separate the study region into eight drainage basins for which volume change (Table 1) Longing Peninsula (basin 1) and Sobral Peninsula (basin 5) have been modest (Table 1) .
These basins are composed of several small glaciers. The mass turnover is smaller than on glaciers originating at the API ice divide because of a strong west-east decrease in net accumulation (Turner et al., 2002; Barrand et al., 2013) .
A common feature of the dh/dt -altitude curves in the various basins is the convergence of dh/dt towards zero at altitudes of about 1000 m. This agrees with the results of Scambos et al. (Rott et al., 1996) , the ice shelf in Larsen Inlet disappeared already between 1986 and 1989 (Skvarca, 1993) . 
Discussion
The analysis of volume change shows that 18 years after ice shelf collapse the glaciers draining into the Prince-Gustav-Channel and Larsen-A embayments are still losing mass due to dynamic thinning. The losses are caused by accelerated ice flow which started soon after ice shelf break-up (Rott et al., 2002; 2008) . The spatial pattern and magnitude of elevation change are governed by glacier geometry, subglacial topography, glacier size, and mass turnover.
The surface velocities at the present calving gates of Sjögren Glacier, Edgeworth Glacier and Drygalski Glacier are still up to four times higher than at the same points in November 1995 (Table 2 , and Auxiliary Material Figure S3 ), another indication of ongoing mass depletion. The total mass change 2011 to 2013 of the analyzed glacier areas, including the sub-aqueous volume of Edgeworth Glacier, is 4.21 ± 0.37 Gt a -1 (Table 1) . If the mean condition dh/dt  0 at altitudes > 1000 m observed by ICESat (Scambos et al., 2014) is still valid, the contribution of basins 1 to 8 to sea level rise amounts to 4.05 ± 0.35 Gt a -1 . The upper reaches of the glaciers on the central ice plateau, separated from the terminus sections by steep ice ©2014 American Geophysical Union. All rights reserved.
and rock cliffs, have not responded dynamically to the signal of flow acceleration initiated at the glacier fronts. Surface mass balance fields generated by the regional atmospheric climate model RACMO version 2.3 (Lenaerts et al., 2012 , van Wessem et al., 2014 (1995, 1999) and TerraSAR-X (2008 TerraSAR-X ( , 2009 TerraSAR-X ( , 2010 TerraSAR-X ( , 2013 
